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Abstract 
The Mean Residence Time (MRT) of groundwater is an important factor for the development of hydrogeological concepts 
influencing the origin, recharge and exchange with the aquifer rocks. In addition, contamination and risk assessment depend 
strongly on the estimated residence of groundwater. 
Combinations of different techniques have to be applied to estimate MRTs of groundwater depending on their time span. Recent 
recharge can be evaluated by the seasonal variation of 18O/2H, 35S and actively introduced tracers. Modern water with a residence 
time between 1 to 60 years can be measured by 3H/3He, 85Kr, CFCs and SF6. Old waters in the range of hundreds and thousands 
of years are frequently investigated by 39Ar and 14C. Very old groundwater up to 1.5 Mio. years can be investigated by 14C, 40Ar, 
36Cl, 4He and 81Kr. 
Mean Residence Times of groundwater in different depths of the Vienna Basin is estimated by combinations of 18O/2H, 3H/3He, 
85Kr, CFCs, SF6 and 14C evaluating previous hydrogeological concepts and risk assessments. 
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1. Introductions 
The “Mean Residence Time” (MRT; from infiltration to monitoring site) of groundwater is required to develop 
reliable hydrogeological concepts of groundwater bodies as a prerequisite for a qualified monitoring and risk 
assessment. MRTs from monitoring springs and wells help to assess if groundwater bodies are “at risk” or “not at 
risk” e.g. of failing to meet good groundwater quantitative and chemical status according to the Water Framework 
Directive.  Short MRTs indicate that groundwater is vulnerable to pollution, compromising its use as drinking water 
or industrial water resource. A combination of 18O/2H, 3H, 3H/3He and in some cases additional CFC, SF6, 85Kr and 
35S measurements allow to calculate reliable MRTs of “modern” waters or recent recharge in groundwater bodies1. If 
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significant amounts of old or very old waters are present, radionuclides with longer half-lives have to be applied 
despite the higher effort in sampling, analytical facilities and additional chemical investigations. 
 
Fig. 1. Methods for measuring the mean residence Times (MRTs) 
of groundwater. “Groundwater ages” of recent recharge, modern 
water, old and very old water.    
     
     
                 
Fig. 2. The annual weighted record of 3H in precipitation at Ottawa 
(1953-1960) and Vienna [GNIP, ANIP] is shown. Parallel lines 
show the path of decay of 3H in groundwater if recharged from 
precipitation in the years 1951, 1955, 1965, 1971 and 2000. 
 
2. Recent recharge 
2.1. Delta 18O/2H 
The seasonal variation of δ 18O and G2H in the precipitation can help to estimate the time groundwater recharge 
at different time of the year needs to become well mixed in the saturated zone. This is even more sensitive as the 
seasonal variation show larger differences. Sometimes, measurements of seasonal 3H-concentrations can be used in 
a similar way. As a minimum groundwater should be sampled four times a year, but monthly samples are more 
likely to show the maximum in the groundwater variation. 
A commonly used formula to estimate the time of mixture is: 
 
t = (1/2±) x Ĝ1/(b/a)2-1  [yrs.]        (1) 
 
Where t is the estimated residence time, b the maximal amplitude of the groundwater data and a the maximal 
amplitude of the precipitation over several years in the past. Better are more data and the use of lumped parameter 
models2. The mixture of precipitation waters of different seasons starts already in the soil and in the unsaturated 
zone. 
 In case of the groundwater recharge by surface waters input, seasonal data from river and lake waters have to be 
used and no unsaturated zone will be considered, despite the fact that the seasonal sinus amplitudes of these waters 
are frequently much smaller. 
 
2.2. Sulphur-35, Beryllium-7 and Introduced tracers   
To exclude the presence of small amounts of very recent groundwater recharge, which are, in cases of accidents 
sometimes heavily polluted, the raw water is tested for natural radionuclides (beryllium-7 or sulphur-35) with very 
short half-life or artificial fluorescence or noble gas tracers (e.g. xenon). 
Sulphur-35, a naturally produced radioisotope of sulphur with an 87 day half-life, has so far received limited use 
in hydrologic studies. The limitations on the use of S-35 in hydrologic situations are primarily the result of sulphates 
interacting with the biosphere and lithosphere. Thus, S-35 appears to be suited to alpine fractured and karstified rock 
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watersheds where little exchange with soil or biological systems can occur3. Beryllium-7 with a 53 day half-life 
seems to interact even more with rocks and soils and is therefore only suitable in karst conduits. 
3. Modern water 
3.1. Tritium 3H 
Tritium is the radioactive isotope of hydrogen that has a half-life of 12.32 years. Environmental tritium in 
precipitation has two sources. Natural tritium is produced by the interaction of cosmic radiation with atmospheric 
gases. The second source is human-made and is derived principally from nuclear weapons testing and nuclear 
reactors.  
Because of various meteorological processes, atmospheric moisture sources and local anthropogenic sources 
(nuclear power plants, industrial sources, waste burning plants etc.), it generally is necessary to monitor or construct 
a local record of ‘3H-in-precipitation’ for a particular region being studied.  
For example, a record of 3H in precipitation in Ottawa and Vienna, is shown in Fig. 2. On the semi-log plot of 
Fig. 2, a series of parallel lines define the decay paths of points along the precipitation input function over time. For 
example, water recharged prior to the 1950s and no mixing with younger water should contain, in 2015, less than 
0.3 TU. Water recharged in 1965 would contain approximately 57 TU. During the 1980-1990s, the 3H content of 
precipitation decreased at approximately the same rate as 3H decay. Consequently, meteoric water recharged since 
about 2000 (10-8 TU) can be used for age calculations again as long no seasonal variation occur and anthropogenic 
sources can be excluded. 
Tritium is the only radioactive isotope whose behaviour is identical to that of water and ages estimated include 
the passage of the unsaturated zone as well. For this reason, the processes that will normally affect gas tracers, such 
as retardation, sorption and chemical processes and exchange with the atmosphere in the unsaturated zone have 
practically no impact on tritium. In contrast to CFCs and 3H/3He-method, 3H-concentration is not changed in 
contaminated (e.g. CH4, HS) reducing environments. In cases of mixing of modern water with old water, the 
apparent age can be determined by the 14C, 39Ar and 81Kr techniques4. 
 
3.2. Tritium-3/Helium-3  3H/3He 
Tritium derived 3He (tritiogenic helium) is built up in the groundwater as the contained tritium decays. Therefore, 
the 3H/3He ratio decreases with age. In principle, the age of groundwater can be determined by simultaneous 
measurement of 3H and 3He. Sampling and analytical procedures for the 3H/3He method require complicated and 
sophisticated techniques. This is perhaps the primary drawback of this method. This technique can be used to date 
groundwater that is not more than a few years old. Because the 3H/3He method involves measurement of a parent-
daughter ratio, this technique does not require that the tritium input function be known. The 3H/3He ages are 
independent of mixing fractions, and can define the age of the young fraction in the mixture, provided the old 
fraction does not contain a large component of terrigenic helium. For age calculation using 3H/3He data, however, 
the recharge temperature, excess air and other sources and sinks which result from possible gains and losses of 3He 
other than tritiogenic 3He should be identified and corrected.  
The fact that the 3H/3He clock is ‘reset’ to zero (exchange with the atmosphere) at the water surface has 
advantages over the CFCs for some applications (the CFC clock does not reset to zero at the water surface due to a 
lower diffusion coefficient and lower concentration gradients). 3H/3He age is reset immediately to zero when the 
water moves to the surface, but CFC age is not reset to zero. Even when the tritium in groundwater is no longer 
measurable, the presence of 3He will indicate post-1952 recharge4. 
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3.3. Krypton-85  85Kr 
Krypton-85 is a radioactive noble gas with a half-life of 10.76 years. Similar to tritium, its natural source 
(cosmogenic production) has been overwhelmed by a second (human-made) source since the 1950s. Krypton-85 is 
produced as a fission product of uranium and plutonium decay over the past 50 a, the increasing release of 85Kr from 
nuclear fuel reprocessing plants (such as Sellafield, La Hague). Unlike tritium, however, the specific activity of 85Kr 
in the atmosphere has steadily increased.  
There are no significant natural sources or sinks of the isotope. Contamination by local sources does not have a 
significant impact on this technique. The primary limitation of the 85Kr method for routine use is the large sample 
size (120–360 L) and time consuming analytical procedures.  
Similar to CFCs, the input of 85Kr has increased along a smooth gradient. Therefore, data interpretations with the 
85Kr method in terms of water ages are more or less straightforward. Compared with tritium, the 85Kr technique can 
provide more unambiguous apparent ages. Because the 85Kr specific activity is measured, recharge temperature, 
altitude and excess air do not have to be known.  
Because of its high detection limit, it may be less reliable than CFCs for waters recharged in the late 1940s and 
1950s. It is also difficult to detect any newly recharged water component if the percentage of the younger water is 
less than 10%.  
 
3.4. Chlorofluorocarbons CFC-11, CFC-12, CFC-113 
Chlorofluorocarbon (CFCs) analysis, particularly CFC-11, CFC-12 and CFC-113 have proven to be valuable for 
dating groundwater younger than 60 years. It also has the potential to provide insights into the extent of mixing 
between groundwater components of different age. The use of CFCs for dating of groundwater is based on known 
concentration in the atmosphere over the last 60 years, together with the observations that they globally well mixed, 
and the assumption that their solubility in water follows Henry’s Law at the temperature of recharge. Because 
growth of atmospheric concentrations of CFCs has slowed since the late 1980s, CFC ages are difficult to resolve in 
post-1990 water. 
It should be pointed out that very often interpretations of CFC data need to rely extensively on additional data. 
Measurements of concentrations of dissolved gases, such as dissolved oxygen, to determine if there is potential for 
microbial degradation, can be extremely useful. Noble gas measurements are useful in defining recharge 
temperature and excess air. Measurements of dissolved nitrogen and argon can also be used to determine recharge 
temperature and excess air and recognize environments undergoing denitrification. Measurements of dissolved 
methane are useful in recognizing environments in which all three CFCs can be degraded. 
In general, the CFC technique is most likely to be successful in rural settings, with shallow water tables, where 
the groundwater is aerobic, and not impacted by local contaminant sources4. 
 
4. Old water 
4.1. Carbon-14  14C 
Interpretation of the radiocarbon model age of dissolved carbon in groundwater is still limited by many 
uncertainties: Determining the initial 14C content of dissolved carbon in recharge areas of aquifers and accounting 
for the many chemical and physical processes that alter the 14C content of dissolved inorganic (DIC) and dissolved 
organic carbon (DOC) in groundwater along flow paths in aquifers. Carbon-14 of cosmogenic origin is incorporated 
in groundwater during recharge by interaction of infiltrating water with soil CO2 from plant root respiration and 
microbial degradation of soil organic matter following recharge. Subsequently, DIC becomes isolated from the 
modern 14C plant–soil gas–air reservoir and decays with time. 14C model ages have been partially corroborated by 
concordance with other isotopic and environmental tracers on the 1–40 ka timescale.  
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4.2. Argon-39  39Ar 
Argon-39 is produced through the interaction of cosmic rays with nuclides of potassium and argon in the 
atmosphere. With a half-life of 269 a, 39Ar fills the dating gap between young residence time indicators (CFC, 
3H/3He, etc.) and the radiocarbon method. Owing to the very low isotopic abundance of 39Ar, a relatively large 
amount of water (~2000 L) has to be degassed in the field to obtain a sufficient number of 39Ar atoms. Although the 
laser atom trap methods are currently being developed, the detection of 39Ar is currently only operational using the 
radioactive decay counting technique. The 39Ar activity of the argon separated from groundwater is measured in 
high pressure proportional counters in an ultra-low background environment. The interpretation of 39Ar activities in 
terms of groundwater residence time may be complicated because of subsurface production of 39Ar via the 39K(n, 
p)39Ar reaction. In such rarely occurring cases, more care has to be taken in the interpretation of the data. In the 
investigation of very old groundwater systems, 39Ar can be useful (1) as an indicator of the presence of water 
components in the age range 60–1000 years which cannot be identified by 3H, 85 Kr or CFC measurement, and (2) 
as a formation-specific indicator with a ‘flow history memory’ of a few  hundred years5. 
4.3. Krypton-81  81Kr 
Eleven major radioactive isotopes of Kr exist but only 81Kr and 85Kr have appropriate half-lives of 229 000 and 
10.76 years, respectively, and are, therefore, suitable for the investigation of the time-span of hydrological 
processes. Krypton-81 is produced in the atmosphere by cosmic ray induced spallation of heavier stable Kr isotopes. 
During recharge, water approaches solubility equilibrium with the atmosphere according to the local temperature 
and barometric pressure at the water table. Gas partitioning at the free air–water interface is described by Henry’s 
law. 
During  recharge,  Kr  (and  other  atmospheric  gases)  may  additionally  be  introduced  by  the dissolution of 
excess air. In contrast to other gaseous tracer methods, which rely on absolute concentrations of dissolved 
constituents (such as 3H/3He, SF6 or 4He), 81Kr and 85Kr (and 39Ar), gas tracers are insensitive to absolute 
concentration that is affected by the addition of excess air, degrees of degassing (both in nature and during 
sampling) and recharge conditions because these methods are based on isotope ratios of the same element (81Kr/Kr, 
85Kr/Kr, 39Ar/Ar, etc.). 
After the air-saturated water parcel has moved to depths of greater than about 20 m, the 81Kr (or 39Ar) exchange 
with the source (atmosphere) stops and the 81Kr/Kr ratio decreases only due to radioactive decay. According to the 
exponential decay law, the time elapsed since the water was in contact with the atmosphere can be calculated.  
Rsample can also be expressed as %-modern in relation to Rair = 100%modern. The potential absence of 
underground production and the fact that dating is based on an isotope ratio (81Kr/Krtotal) which is not sensitive to 
climate variations and phase transition processes, makes 81Kr an ideal tracer for dating old groundwater or ice. The 
fundamental limitation hindering the routine use of 81Kr in environmental science is the analytical challenge of 
sampling and measuring 81Kr concentrations at natural levels5. This is made possible by the development of ATTA-
3, an efficient and selective atom counter based on the Atom Trap Trace Analysis method and capable of measuring 
both 81Kr/Kr and 85Kr/Kr ratios of environmental samples in the range of the part-per-trillion (PPT) level6.  
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